METHOD OF ANALYSIS
We have developed a program that rigorously analyzes spherical arrays of circular stacked-patch antennas. The geometry of the problem is given in Fig. 1 . A circular stacked-patch is embedded in a multilayer spherical structure. The radii of the grounded sphere, the fed patch and the parasitic patch are R gnd , R patch_1 and R patch_2 , respectively. The coordinates of the central patch are The analysis approach is based on solving the integral equation for the electric field, and on the moment method (MoM), where the elements of the MoM matrix are calculated in the spectral domain. The motivation for applying the spectral domain technique was to transform the three-dimensional problem into a spectrum of one-dimensional problems, which is much easier to solve [1] , [2] . Since the problem is defined in the spherical coordinate system, this spectrum is obtained by applying the vector-Legendre transformation to the patch current [3] , [2] . The Green's function of a general multilayer spherical structure is computed using the G1DMULT algorithm that calculates spectral domain Green's functions of general multilayer planar, circular cylindrical and spherical structures [2] . 
RESULTS
The effects of the sphere size on the input impedance, mutual coupling and radiation pattern will be illustrated in the following examples. We consider a circular stacked-patch antenna that is embedded in a three-layer spherical structure (see Fig. 1 ). First, in Figs. 2-6, we consider a stackedpatch antenna with permittivity and thickness of each layer as follows: ε r1 =2.45, h 1 = 1.52 mm, ε r2 = 1.22, h 2 = 6.352 mm, ε r3 = 2.45, h 3 = 0.761 mm.
The diameters of the lower and upper patch are 2.647 cm and 2.673 cm, respectively. The lower patch is excited with a coaxial transmission line, and the excitation position is 0.794 cm relative to patch center.
The influence of the sphere radius on input impedance of spherical single patch and stackedpatch antennas is shown in Figures 2-4 . For comparison, the measured input impedance of a planar stacked-patch antenna with the same dimensions is also given in Fig. 4 . It can be seen that the sphere radius mostly influences the resonant frequency, i.e. the shape and the magnitude of the impedance curve is almost the same for all chosen radii of the structure (0.5 λ -5.0 λ at 4.0 GHz). Therefore, it is almost impossible to distinguish impedance curves in the Smith chart. Notice that the shape of impedance loci of a stacked-patch antenna can be interpreted as a superposition of two impedance loci of single patch antennas, i.e. each patch of the stacked-patch antenna can be treated as a separate resonator.
The effect of the radius of the ground plane (grounded shell) on radiation pattern is given in Fig. 5 . For comparison, the calculated radiation pattern of a planar stacked-patch antenna with same dimensions is also given. The operating frequency is 4.5 GHz. It can be seen that when enlarging the radius of the sphere the main lobe of the spherical patch antenna becomes narrower, approaching the main lobe of the planar counterpart, i.e. the main lobe is wider for spherical patch antennas, especially in the H-plane. As expected, the backradiation is smaller for spheres with larger radii. The comparison of mutual coupling level of a twopatch array of single-patch and stacked-patch antennas is given in Fig. 6 . The distance between patch centers is 12 cm (1.6 λ at 4.0 GHz). In order to match the single patch antenna, the position of the feed point is placed 0.4 cm relative to the patch center; other antenna dimensions are the same as before. Notice that from the shape of the magnitude of S 21 parameter it can be seen that the stackedpatches have wider bandwidth (which was the main motivation for their development). It is interesting to see that the coupling level in both E-and Hplanes is higher for single patch antennas than for the stacked-patch antennas in the frequency band where the single patch antenna is matched. This result is not intuitive since one would expect that the stacked-patch antennas have stronger coupling because the coupling results from interaction of 4 patches, whereas in the case of single patch configuration the coupling results from interaction of 2 patches.
In the next example, the influence of the sphere radius on mutual coupling level is investigated (Fig. 7) . It can be seen that the coupling is weaker for the spherical case, compared to the planar one. For smaller structure radii mutual coupling starts to be oscillatory due to interference of forward and backward propagating waves around the sphere.
In order to validate the program, a laboratory model was developed where it is simple to measure different array configurations (Fig. 8) . The model was built from a copper sphere of radius a = 18.5 cm on which patches were mounted at different positions. Mounting of patches at arbitrary positions is very simple: one just needs to place an SMA connector at the desired position on the grounded shell. Small Styrofoam cubes (ε r ≈ 1.0) are used as spacers between patches and the grounded shell. Note that the patches are made from a sphere of appropriate radius since it is important that patches follow the spherical structure.
The comparison of calculated and measured input impedance of spherical stacked-patch antenna is given in Fig. 9 . The thickness of both layers is h 1 
